In revision total hip replacement, bone loss can be managed by impacting porous bone chips. In order to guarantee sufficient mechanical strength, the bone chips have to be compacted. The aim of this study was to determine in an in vitro simulation whether the use of a pneumatic hammer leads to higher primary stability than manual impaction. Bone mass characteristics were measured by force and distance variation of a penetrating punch, which was lowered into a plastic cup filled with bone chips. From these measurements bulk density, contact stiffness, impaction hardness and penetration resistance were calculated for different durations of impaction.
In revision total hip replacement, bone loss can be managed by impacting porous bone chips. In order to guarantee sufficient mechanical strength, the bone chips have to be compacted. The aim of this study was to determine in an in vitro simulation whether the use of a pneumatic hammer leads to higher primary stability than manual impaction. Bone mass characteristics were measured by force and distance variation of a penetrating punch, which was lowered into a plastic cup filled with bone chips. From these measurements bulk density, contact stiffness, impaction hardness and penetration resistance were calculated for different durations of impaction.
We found that the pneumatic method reached higher values of impaction hardness, contact stiffness and bulk density suggesting an increase in stability of the implant. No significant differences were found between the two different methods concerning the penetration resistance. The pneumatic method might reduce the risk of fracture in vivo, as force peaks are smaller and applied for a shorter period. Results from manual impaction showed higher variability and depend much on the experience of the surgeon. The pneumatic hammer is a suitable tool to standardise the impaction process.
The technique of impaction bone grafting was popularised by Slooff et al 1 for the restoration of bone loss at the acetabulum in revision total hip replacement (THR). The technique requires that the morsellised allograft be adequately impacted to provide initial stability for the prosthesis in order to prevent subsidence and to induce bone remodeling. 2 Synthetic bone substitute may be added. 3 If stability is achieved, revascularisation and incorporation of the graft into the host skeleton may occur, [4] [5] [6] but the revascularisation is accompanied by some degradation of the graft. 5 Acetabular reconstruction with impacted morsellised cancellous grafts and cement gives satisfactory long-term results. [7] [8] [9] [10] [11] [12] However, in large acetabular defects micromovement may lead to instability and graft resorption. 13, 14 In impaction bone grafting the graft behaves in a viscoelastic fashion and can be considered a friable aggregate. 15 The bone granules form a matrix with porous spaces mainly filled with air, water and fat. Deformation of loaded granulated and moist matter depends on pore pressure, the friability of each morsel and the movement of bone particles in relation to each other. 16 The mechanical properties of the graft improve with increasing the impaction load, which results in increasing shear strains between the particles. 5 This may be due to the release of bone morphogenic protein-7 if freshfrozen femoral head cancellous bone is used.
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The initial mechanical stability of a prosthesis implanted into a contained defect which has been augmented with morsellised bone graft will be greatest when the graft has well-graded particle sizes which have been effectively impacted. 5 Using bone chips of various sizes, including some greater than 8 mm, increases the initial mechanical strength. 18 During surgery, assessment of satisfactory impaction is subjective. Experimental work applying the principles of soil mechanics revealed that firmly impacted aggregate should be rigidly contained with well graded particle sizes allowing fluids to escape, in order to have good resistance to shear forces. 19 The use of vibration has been proposed to reduce peak loads and hoop strains during impaction in order to lessen the risk of intra-operative fracture. 2 This might, however, be more beneficial for femoral than for acetabular revision. 20 Giesen et al 15 asserted that a non-standardised pre-test impaction procedure is reproducible and that with a standardised impaction procedure, they halved the variation of their results of the bulk density. Standardisation of the impaction process could be therefore an important method to reduce the risk of subsidence and fracture.
THE JOURNAL OF BONE AND JOINT SURGERY
The aim of this study was to compare two different methods of impaction for bone grafting of the acetabulum. The hypothesis was that a pneumatic impaction method would produce more standardised results than a manual method, and that it would produce better impaction of the bone chips in less time.
Materials and Methods
Cortical and cartilage tissue were removed from human femoral heads with a bone saw. These had initially been freshfrozen at a temperature of -80°C and afterwards stored at a temperature of -11°C. From the remaining cancellous tissue 900 g of bone chips sized 5 mm to 10 mm were prepared using a Noviomagus bone mill (Spierings Medische Techniek BV, Nijmegen, The Netherlands). 12, 21, 22 All morsellised bone was carefully mixed to achieve homogenous material to minimise any patient-specific bone characteristics. 19, 23 The bone chips were not processed any further. No liquid was removed as it could provide lubrication and favour particle movement during impaction, resulting in a denser material. Fluid can improve the cohesion of the particles, as they adhere to each other more efficiently, improving stiffness by its gluing effect. 16 However, under conditions of strong vibration, the fluid pressure can become large enough to hold solid particles apart, causing loss of contact in a contained space, 2 although this phenomenon was not observed during our experiments.
For each experiment a cylindrical custom-made plastic cup with diameter of 5.1 cm was filled with 30 g of bone chips in order to simulate the size of the acetabulum. The thickness of the polyacetal cup floor and wall was 5 mm and the inner volume was 134.8 cm 3 . It was weighed with a Tanita TLD-650 balance (Sin Huat Hin Machinery, Seremban, Malaysia) to an accuracy of ± 2 g. The 30 g of bone chips were filled into the plastic cup and compressed at a uniform volume (2.5 cm measured from the rim of the cup) of 83.76 cm 3 for each sample. From this defined volume the resulting bulk density could be calculated, which was for all measurements equal to 0.426 g/cm 3 . Particle size distribution was determined using sieve analysis according to Din 18123 standard 24 after the impaction experiments. The morsellised bone was dried in an oven at 150°C and weighed afterwards. Calibrated sieves of pore diameter in a range of 0.063 mm to 16 mm (Haver and Boecker, Oelde, Germany) were assembled in order of decreasing pore diameter with the largest at the top. The bone chips were poured into the sieves and were shaken for one hour until no further passage of fragments down the gradient occurred. The weights of the remaining particles in the sieves were determined by a high precision balance (Kern DS, Kern and Sohn GmbH, Stuttgart, Germany) allowing calculation of the percentage of the graft in each sieve.
The coefficient of uniformity C u , which is the ratio of the sieve diameter that 60% of particles will pass to that through which 10% will pass, was compared with Fuller's curve for spheres, which represents an ideal particle size distribution with maximum density for spherical particles. 5 The ideal particle size distribution is given by the square root of each aggregate size being considered divided by the maximum aggregate size used in the sieve analysis, according to Fuller's equation.
Manual as well as pneumatic impaction was conducted by an author (EM). The impaction force was not standardised with a weight dropped from a known height, because the variability of the two techniques caused by human factors was thought to be an important characteristic of the procedure. For manual impaction a stick (2101-0200 BXTAP; AluMedica, Geisingen, Germany) with the corresponding head size of 48 mm diameter (3.40.146; AluMedica) was used. In the manual impaction the force peaks occurred with a frequency of 4.5 Hz and a mean force peak of 369 N (SD 69). The pneumatic hammer had a beat frequency of 43.4 Hz and a mean force peak of 308 N (SD 115). Both methods used forces below 4 kN, which is an established threshold for femoral impaction. 25 The bone mass characteristics were evaluated by determining the bulk density, impaction hardness, contact stiffness and penetration distance before and after 3, 6, 9, 12, 15 and 30 seconds of impaction. In order to determine these parameters a measurements system was developed, consisting of a punch with a diameter of 15 mm which can be lowered in the plastic cup filled with bone chips (Fig. 1) . The inductive position sensor (HBM, Darmstadt, Germany) determines the position of the punch with an accuracy of ± 0.08 mm and the load cell (HBM) measures the resisting force when the punch is lowered into the bone mass to an accuracy of ± 2.5 N. Both signals are converted into a digital signal by a signal amplifier (DMCPlus Signal amplifier; HBM), with sample rate of 1.2 kHz.
The cylindrical geometry of the punch does not take into consideration the shear stresses during the penetration. The maximum revealed force peak (P max ) determines the impaction hardness (H) of the bone chips (Fig. 2) by the following formula, where A is the area of the punch:
Therefore the impaction hardness is the resistance of the bone mass, when an instantaneous compressing force is applied. Hardness is dependent on material characteristics like ductility, elasticity, plasticity, strain, strength, toughness, visco-elasticity and viscosity.
After the impaction process with the hammer or the pneumatic tool a second peak (P 2 ) could be clearly measured. This peak gives an indication about the force, which is needed from the punch to penetrate the surface of the bone chips. Therefore this parameter can be used to indicate the contact stiffness of the bone mass (Hs), which is the superficial resistance of the bone mass, when a compressing force is applied.
The contact stiffness is calculated with a similar formula, where A is the area of the punch:
The bulk density is a property of powders and granules and is defined as the mass of the particles divided by the total volume they occupy. In our experimental set-up the bulk density of the bone chips can be determined from the data recorded by the position sensor.
Considering the point of the first significant force variation (CP in Fig. 2 ) and considering the corresponding position of the punch, fall height and penetration depth can be determined. The increasing fall heights give an indication of the volume decrease and therefore about the increase of bulk density.
From the data the resistance to penetration could also be calculated. This is used in soil mechanics to describe the properties of the aggregate. The penetration resistance is a relationship between the work done by the soil to stop the punch and the resulting penetration depth. The penetration resistance gives an indication of changes in soil moisture and its impaction. 26 The measurement method can be equated to the cone penetration test, 27 where the penetration resistance (R) is calculated by the following formula:
where m is the mass of the punch, g is the standard gravity, A is the area of the punch and Δz is the penetration depth.
In order to be able to compare the parameters for manual and pneumatic impaction, 30 measurements for each method at different time intervals of impaction were performed and means and SD were calculated. Statistical analysis. The data were analysed with Excel 2007 (Microsoft Office, Redmond, Washington) and OriginPro (Origin Lab Corporation, Northampton, Massachusetts). Statistical analysis was performed using SPSS software v.17 (IBM, Chicago, Illinois). As the data were not normally distributed the Mann-Whitney U test was used for further analysis. A p-value ≤ 0.05 was considered statistically significant.
Results
The particle size distribution determined by the sieve analysis is reported in Figure 3 . The coefficient of uniformity C u had a value of 3.8. The comparison with Fuller's curve for a sphere, representing an ideal particle size distribution, is also reported in Figure 3 .
The differences between manual and pneumatic impaction hardness were statistically significant in all cases (p < 0.001, Table I ). The hardness of the bone chips impacted with the pneumatic method was in all cases higher than the values resulting from the manual impaction method. The difference between the two methods increased with the impaction time. Graph showing an example of the force variation of one measurement before and after 30 seconds of manual impaction. Force variation shows a maximum peak (P max ) before and after impaction, which corresponds to the maximum value of distance variation. After impaction a second peak can be clearly distinguished (P 2 ). The first noticeable force variation determines the contact point (CP) between punch and bone mass. Therefore this point can be used to determine penetration depth and falling height of the punch.
The contact stiffness showed a significant difference between manual and pneumatic impacting after all time intervals (Table I ). The initial value of the contact stiffness could not be determined, because of the uncertainty in distinguishing the corresponding peak from the noise, introduced by the measurement system. With increasing impaction time the differences between manual and pneumatic impaction methods differed more and more. The contact stiffness was in all cases higher for the pneumatic impaction than for the manual impaction method.
The bulk density between the manual and pneumatic impaction method, showed a significant difference (p < 0.01) in all cases. Values for the pneumatic method were in all cases higher than for the manual impaction except at the starting point. The difference between the bulk density determined from the two methods increased with progressing compaction time (Table II) .
Applying the Mann-Whitney U test for the calculated penetration resistance revealed no significant difference between the two methods except in the case of the nonimpacted bone graft (Table II) . The measurements were very similar after compaction time of nine seconds.
Discussion
Pneumatic impaction showed higher hardness, contact stiffness and bulk density values than the manual impaction method. A higher impaction hardness and contact stiffness could be an advantage for the mechanical properties of the allograft and could provide good primary stability for the acetabular component. However, an excessively high density would reduce the space available for the penetration of osteoblasts, which could impede graft healing. Further research is required to compare values obtained from this experiment with long-term clinical outcomes and implant survival.
The pneumatic method enabled higher impaction hardness, contact stiffness and bulk density to be reached more rapidly than with the manual method. Impaction hardness and stiffness of the pneumatic method after nine seconds were comparable with the values obtained after 30 seconds of manual impaction. Considering that both methods used similar forces and that the pneumatic method had a percussion frequency ten times higher than the manual method, this observation is reasonable. However, the differences in impaction hardness and stiffness can also be influenced by the different falling height, due to the higher resultant density of the bone mass.
Results from the pneumatic method show a lower SD compared with the manual method. This implies that the pneumatic method is influenced less by the operator and provides more reproducible results which enables standardisation of the impaction process and establishes time and force specifications for good implant stability.
The mean impaction force of the pneumatic method was less than in the manual method, which would reduce the risk of fracture compared with the manual impaction if used in vivo.
In the interval between zero and nine seconds the values obtained for impaction hardness, contact stiffness and bulk density increased more rapidly than after nine seconds of impaction by both methods. During this time the major gaps between the bone chips are closed and only high forces can reduce the small spaces between the bone chips any further, as witnessed by the penetration resistance, where the values after nine seconds were very similar to each other. In this case however, no significant difference between the two methods could be determined, possibly due to the relationship of this parameter with the content of liquids in the mixture.
Sieve analysis has shown that the coefficient of uniformity C u was smaller than that for a well-graded specimen (C u > 5). Also the particle size distribution was different from Fuller's curve for spheres. However, particle size distribution is comparable to the results published by Brewster et al. 5 It has to be noted that the apparent density was lower (0. A limitation of the study is that the compressing force of the user has not been measured. The user tried to impact the bone grafts by using only the hammer, avoiding compression of the bone mass by hand. However the influence of the initial compressing force cannot be excluded from the experiments.
In summary, pneumatic impaction of morsellised bone chips achieves higher density values in less time with less force applied, and brings more reproducible results than manual impaction. This might reduce the risk of fracture, as smaller peak forces are used for less time. Further clinical studies should be done to determine a reference value for optimal ingrowth of the osteocytes. Manual impaction shows more variable results and depends greatly on the experience of the surgeon. Therefore the pneumatic hammer is a suitable tool to standardise the impaction process for morsellised graft reconstruction of acetabular bone defects. 
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